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INTRODUCTION 


Phased  array  antennas  can  steer  transmitted  or  received  signals  either  linearly  or  in  two 
dimensions  without  mechanically  oscillating  the  antenna.  These  antennas  are  currently 
constructed  using  ferrite  phase  shifting  elements.  Due  to  the  type  of  circuit  requirements 
necessary  to  operate  these  antennas,  they  are  costly,  large  and  heavy.  Therefore,  the  use  of  these 
antennas  has  been  limited  primarily  to  military  applications  which  are  strategically  dependent  on 
such  capabilities.  In  order  to  make  these  devices  available  for  many  other  commercial  and 
military  uses,  the  basic  concept  of  the  antenna  must  be  improved.  If  ferroelectric  materials  could 
be  used  for  the  phase  shifting  element  instead  of  ferrites,  phased  array  antennas  would  be  totally 
revolutionized. 

A  ceramic  Barium  Strontium  Titanate,  Bai-xSrxTi03,  (BSTO),  phase  shifter  using  a  planar 
microstrip  construction  has  been  demonstrated  W.  In  order  to  meet  the  required  performance 
specifications,  maximum  phase  shifting  ability,  the  electronic  properties  in  the  low  frequency 
(KHz)  and  microwave  regions  (GHz)  must  be  optimized.  As  part  of  this  optimization  process, 
various  composites  of  BSTO  and  non-ferroelectric  oxides  have  been  formulated. 

Another  application  for  one  of  these  materials  is  a  combined  capacitor-varistor  device.  In 
general,  this  would  be  used  as  a  protective  device  in  parallel  with  electronic  information 
processing  circuits  to  protect  against  spurious  voltage  surges  and  voltage  transients.  The 
capacitive  aspect  of  the  device  would  guard  against  low-amplitude  and  high  frequency 
transients  which  cause  errors  in  signal  processing  or  in  stored  signals.  The  varistor  function  of 
the  device  protects  against  high-amplitude  voltage  surges.  The  device  combination  is  a 
replacement  for  a  capacitor  Zener  diode  combination  which  is  often  bulkier  than  the  circuit  it  is 
protecting. 

The  capacitor-varistor  device  has  been  attempted  previously  by  appropriately  doping  SrTiC>3  to 
form  grain  boundary  phases  or  layers  which  exhibit  the  desirable  characteristics  PI.  Also  discrete 
layers  of  ZnO  and  Pb(Fei/2Nbi/2)03-Pb(Fe2/3Wi/3)C>3  (dielectric  constant  of  27000  to  32000) 
have  been  fabricated  PI.  The  problem  with  the  former  scheme  has  been  with  the  high  loss 
tangents  and  high  threshold  voltages  derived  from  the  metallic  additives  and  the  semiconducting 
capacitor.  The  problem  associated  with  the  latter  scheme  is  with  the  processing  of  the  lead  based 
capacitor  compounds  and  the  deleterious  diffusion  between  the  ZnO  varistor  layers  and  lead- 
based  capacitor  layers. 

The  composites  will  be  designated  as  BSTO-Oxide  II,  BSTO-Oxide  111,  BSTO-Oxide  II  /  BSTO- 
Oxide  III,  BSTO-Oxide  III  Compound,  and  BSTO-IV  since  they  all  have  patents  pending  on  their 
formulations.  All  of  these  composites  possess  improved  electronic  properties.  The  comparison 
of  the  compositions  and  phase  formation  of  the  various  BSTO-oxide  ceramic  composites  will  be 
made  and  related  to  their  electronic  properties.  This  report  will  outline  some  of  the  initial  findings 
for  these  new  ceramic  composites. 


EXPERIMENTAL 


Ceramic  Processing 

Powder  forms  of  Barium  Titanate  and  Strontium  Titanate  were  obtained  from  Ferro  Corporation, 
Transelco  Division,  Pen  Yan,  N.Y.  (product  nos.  219-6  and  218  respectively),  stoichiometrically 
mixed  to  achieve  Ba<)  .jTiC^  and  ball-milled  in  ethanol  using  3/16"  alumina  media  for  24  hrs. 
The  resulting  BSTO  was  then  air-dried,  calcined  at  1 100°C  and  mixed  with  an  oxide  (oxide  II, 
oxide  III,  oxide  II  /  oxide  III,  oxide  III  compound  or  oxide  IV)  in  the  proper  weight  percent  and 
ball-milled  again  in  a  slurry  of  ethanol  using  the  alumina  grinding  media  for  an  additional  24  hrs. 

Rholpex  B-60A  (Rohm  and  Haas  Co.,  Philadelphia,  PA)  binder  (3  wt%)  is  added  to  the  resulting 
BSTO/oxide  mixture.  The  mixture  is  then  air-dried  and  uniaxially  dry-pressed  to  a  pressure  of 
approximately  7000  p.s.i..  Sintering  schedules  were  obtained  by  employing  a  deflectometer  such 
as  Mitutoyo  digimatic  indicator  and  miniprocessor  (Mitutoyo  Corp.,  Paramus  N.J.).  Porosity 
and  liquid  absorption  was  obtained  by  performing  an  immersion  density  in  ethanol  using  a 
modified  ASTM  standard.  It  should  be  noted  that  all  of  the  examined  samples  have  liquid 
absorption  of  less  than  2%. 

Two  metallization  techniques  were  employed.  One  involved  painting  on  two  circular,  aligned 
electrodes,  one  on  either  side  of  the  specimens,  using  high  purity  silver  paint  (SPI  Supplies  West 
Chester,  PA)  and  attaching  wires  using  high  purity  silver  epoxy,  Magnobond  8000,  made  by 
Magnolia  Plastics,  Inc.,  Chamblee,  GA.  The  other  technique  utilized  the  screen  printing  of 
electrodes  using  silver  conductive  ink  (FERRO  #3350,  Electronic  Materials  Division,  Santa 
Barbara,  CA)  and  wires  were  attached  by  dipping  the  specimens  in  a  bath  of  2%  silver,  62%  tin 
and  36%  lead  solder. 

Electronic  Measurements 


The  dielectric  constants,  e' ,  loss,  tan  6,  and  %  tunability  were  determined  for  all  composites. 

The  %  tunability  of  a  material  is  determined  using  the  following  equation: 

%  tunability  =  {  e'(0)  -  e'(Vapp)}/  {e'(0)}  (1) 

The  tunability  measurements  were  taken  with  an  applied  electric  field  which  ranged  from  0  to  3.0 
V/micron  (pm).  The  electronic  properties  given  in  the  forthcoming  tables  were  measured  at  a 
frequency  of  1  KHz.  Capacitance  measurements  for  all  materials  were  taken  using  an  HP4284A 
LCR  meter.  Further  calculations  were  done  to  correct  for  the  effect  of  fringe  capacitance. 

RESULTS  AND  DISCUSSION 

BSTO-Oxide  III,  BSTO-Oxide  II  /  Oxide  III.  BSTO-Oxide  III  Compound  Composites 
SEM  and  X-rav  Diffraction 

No  secondary  phases  (other  than  BSTO  and  Oxide  III)  were  identified  by  X-ray  diffraction  for 
the  BSTO-Oxide  III  composites.  Also  the  SEM  photographs  did  not  reveal  any  evidence  of 


secondary  phase  formation.  However,  the  BSTO-Oxide  II/Oxide  Ill  composites  revealed  the 
existence  of  secondary  phases  at  oxide  additions  of  10  wt%.  Three  distinct  secondary  phases 
were  identified  for  these  composites.  The  BSTO-Oxide  III  compound  composites  also  revealed  at 
least  two  secondary  phases  for  oxide  content  above  30  wt%.  These  phases  were  evident  as 
discolorations  in  the  SEM  photographs  for  both  the  BSTO-Oxide  II/Oxide  III  and  BSTO-Oxide 
III  compound  composites. 

Electronic  Properties 

The  electronic  data  for  the  BSTO-Oxide  III,  BSTO-Oxide  II  /  Oxide  III  and  BSTO-Oxide  III 
compound  composites  are  shown  in  Table  1.  As  shown  in  the  table,  the  dielectric  constants 
decrease  with  increase  in  oxide  content  and  the  tunability  decreases  slowly  with  increase  in  oxide 
content.  In  fact,  the  BSTO-Oxide  III  composites  exhibit  high  tunabilities  (>10%)  up  to  60  wt% 
oxide  m  which  is  not  the  case  for  the  two  other  oxide  additives.  This  difference  could  be  due  to 
the  fact  that  the  BSTO-Oxide  III  compounds  do  not  exhibit  secondary  phases  whereas  the  other 
two  composites  form  multiple  secondary  phases  as  discussed  previously.  These  non- 
ferroelectric  phases  will  tend  to  inhibit  tunability  at  high  additive  contents. 

As  shown  in  Fig.  1,  the  loss  tangent  of  these  composites  are  extremely  low  for  most  all 
compositions  (decreasing  slightly  with  an  increase  in  oxide  content). 


$  Oxide  119 

O  Oxide  II  /  Oxide  III 


Oxide  III  Compound 


0X8  DE  CONTENT  (wt%) 

Fig.  1.  Loss  tangent  vs.  Oxide  Content  for  BSTO-Oxide  HI,  BSTO-Oxide  II/  Oxide  III  and 
BSTO-Oxide  III  Compound  Composites  measured  at  1  KHz. 
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TABLE  1  Electronic  Properties  of  BSTO-Oxide  III,  BSTO-Oxide  II  /  Oxide  III  and 
BSTO-Oxide  III  Compound  Ceramic  Composites  Measured  at  1  KHz 

BSTO-Oxide  III 


Oxide  II  Oxide  III 

Dielectric 

Loss 

%  Tunability 

Electric 

Content  (wt%) 

Constant 

Tangent 

Field  (V  Micron) 

0.0 

3299.08 

0.0195 

19.91 

0.73 

1.0 

1276.21 

0.0015 

16.07 

2.32 

5.0 

1770.42 

0.0014 

10.0 

1509.19 

0.0018 

15.0 

1 146.79 

0.0011 

7.270 

1.91 

20.0 

1079.21 

0.0009 

15.95 

2.33 

25.0 

783.17 

0.0007 

17.46 

2.45 

30.0 

750.93 

0.0008 

9.350 

1.62 

35.0 

532.49 

0.0006 

18.00 

2.07 

40.0 

416.40 

0.0009 

19.81 

2.53 

50.0 

280.75 

0.0117* 

9.550 

2.14 

60.0 

117.67 

0.0006 

1 1.08 

2.70 

80.0 

17.00 

0.0008 

0.61 

1.72 

100.0 

13.96 

0.0009 

BSTO-Oxide  II  /Oxide  HI 


Oxide  II  Oxide  III 

C ' ontent  (wt%) 

Dielectric 

Constant 

Loss 

Tangent 

%  Tunability’ 

Electric 

Field  (l  ’Micron) 

0.0 

3299. 1 

0.0195 

19.91 

0.73 

1.0 

2515.3 

0.0011 

12.24 

1.14 

10.0 

1868.9 

0.0013 

11.63 

1.56 

20.0 

1016.0 

0.0327* 

10.89 

1.33 

30.0 

389.06 

0.0009 

1.607 

1.34 

60.0 

93.591 

0.0022 

0.450 

0.99 

BSTO-Oxide  III  Compound 


Oxide  II  Oxide  III 
Content  (wt%) 

Dielectric 

Constant 

Loss 

Tangent 

%  Tunability' 

Electric 

Field  ( V  Micron ) 

0.0 

3299. 1 

0.0195 

19.91 

0.73 

1.0 

2531.4 

0.0019 

18.58 

1.66 

10.0 

1801.5 

0.0019 

13.29 

1.34 

20.0 

959.27 

0.0014 

6.910 

0.91 

30.0 

432.40 

0.0030 

7.347 

0.51 

60.0 

63.192* 

0.0176 

1.054 

1.00 
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*  samples  have  poor  contacts 


BSTO-Oxide  IV  Composites 


As  mentioned  previously,  another  application  for  one  these  composites,  denoted  as,  BSTO- 
Oxide  IV,  is  for  use  as  a  capacitor-varistor  protection  device.  At  high  voltages,  the  varistor 
conducts  current  given  by  the  power-law  relation  l4l. 


1  =  AV« 


(2) 


where  V  is  the  applied  voltage,  I  is  the  current,  A  is  the  proportionality  constant,  and  «  is  the 
index  of  nonlinearity.  Current  conduction  through  the  varistor  prevents  the  voltage  from 
exceeding  a  critical  value  in  the  electronic  circuitry  that  is  being  protected.  The  nonlinear 
electrical  conduction  in  the  ceramic  composite  is  due  to  the  addition  of  oxide  IV  (no  secondary 
phases  where  observed  from  X-ray  diffraction  and  SEM  anaylsis)  in  which  electron  tunneling 
through  the  grain  boundaries  occurs. 

Electronic  Properties 

The  electronic  properties  and  the  average  grain  size  of  the  BSTO-Oxide  IV  composites  are  shown 
in  Table  2.  As  shown  in  Figs.  2(a)  and  2(b),  the  dielectric  constant  decreases  with  an  increase  in 
frequency.  Also  the  loss  tangent  shows  a  decrease  with  increasing  frequency  as  shown  in  Figs. 

3(a)  and  3(b).  At  low  doping  levels  (1-15  wt%)  the  composites  have 

TABLE  2.  Electronic  Properties  and  Grain  Size  of  BSTO-Oxide  IV  Composites  Measured  at  1  KHz. 


J 


Oxide  IV 

Dielectric 

Loss 

Electric 

Content  (wt%) 

Constant 

Tangent  Tunabilitv 

Field  a 

1.0 

3756 

0.00236  7.334 

1.0 

5.0 

3416 

0.01276  8.957 

0.8 

10.0 

3908 

0.01320  13.11 

0.7 

15.0 

3942 

0.03708  27.97 

0.6 

20.0 

4685 

0.19113 

— 

25.0 

7520 

0.46976 

— 

30.0 

7859 

0.46927 

— 

50.0 

71922 

0.46891 

— 

Oxide  IV 

Content  ( wt% ) 

Threshold 

Voltage 

Nonlinearity  Grain 

Exponent  Size  I urn) 

1.0 

5.0 

“““ 

10.24 

10.0 

— 

9.774 

15.0 

— 

— 

8.610 

20.0 

100 

6.510 

8.387 

25.0 

25 

5.390 

7.514 

30.0 

20 

10.290 

6.806 

50.0 

5 

8.349 

5.909 
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1  wt%  Oxide  IV 
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o  10  wt%  Oxide  IV 
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x  20  wt%  Oxide  IV 

o  25  wrt%  Oxide  IV 


EB  30  wt%  Oxide  IV 
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Fig.  2.  (a)  Dielectric  Constant  vs.  Frequency  for  BSTO-Oxide  IV  Composites  (1,  5,  10,  15  wt%) 
(b)  for  BSTO-Oxide  IV  Composites  (20,  25,  30,  50  wt%). 
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LOSS  TANGENT  LOSS  TANGENT 


P  1  wt%  Oxide  IV 

®  5  wt%  Oxide  IV 

0  10  wt%  Oxide  IV 


□  20  wt%  Oxide  IV 

♦  25  wS%  Oxide  IV 


o  30  wt%  Oxide  IV 

*  50  wt%  Oxide  IV 


FREQUENCY  (Hz) 


Fig.  3.  (a)  Loss  Tangent  vs.  Frequency  for  BSTO-Oxide  IV  Composites  (1,  5,  10,  15  v/t%) 
(b)  for  BSTO-Oxide  IV  Composites  (20,  25,  30,  50  wt%). 
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large  dielectric  constants  and  possess  low  loss  tangents  and  reasonably  high  ^inabilities.  These 
properties  meet  the  requirements  for  various  antenna  applications  (especially  low  frequency 
applications).  At  higher  levels  (20  -  50  wt%),  the  addition  of  oxide  IV  content  continues  to 
increase  the  dielectric  constant  drastically  especially  at  low  frequencies,  and  the  composites 
begin  to  conduct  current  and  exhibit  non-ohmic  behavior  and  the  threshold  voltage  is  seen  to 
increase  with  an  increase  in  oxide  IV  content. 

Fig,  4  (a)  and  (b)  show  the  current  versus  voltage  for  several  BSTO-Oxide  IV  (20,  25. 
30  and  50  wt%)  composites  .  It  should  be  noted  that  as  the  oxide  IV  content  is  increased,  the 
dielectric  constant  increases,  and  the  non-linearity  exponent  increases.  This  increase  in  the  non¬ 
linearity  is  definitely  related  to  the  decrease  in  the  grain  size  as  indicated  in  Table  2.  However, 
contrary  to  the  predicated  behavior  for  pure  oxide  IV  varistor  compositions,  the  threshold 
voltage  decreases  with  decrease  in  average  grain  size.  Since  the  material  formed  is  a  composite 
it  is  difficult  to  determine  if  the  grains  of  oxide  IV  are  decreasing  or  if  the  BSTO  grains  are 
decreasing.  The  threshold  voltage  for  the  BSTO-Oxide  IV  (50  wt%)  specimen  is  iower  than 
reported  for  any  bulk  capacitor- varistor  device  (which  was  reported  to  be  around  100  V)l2!  and 
the  capacitance  is  as  high  as  that  obtained  for  multilayered  structures  (nearly  twice  than  that 
reported)!3!.  Fig.  5  shows  the  dielectric  constant  versus  temperature  for  the  BSTO-Oxide  IV 
(50  wt%).  The  figure  shows  that  the  dielectric  is  reasonably  temperature  stable  at  room 
temperature  and  above  which  is  an  important  operating  parameter  for  microelectronic  circuits. 
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Fig.  4(a)  Current  vs.  Voltage  for  BSTO-Oxide  IV  Composites  (20  and  25  wt%  oxide  IV). 
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Fig.  4(b)  Current  vs.  Voltage  for  BSTO-Oxide  IV  Composites  (30  and  50  wt%  oxide  IV). 


h* 


Fig.  5.  Dielectric  Constant  vs.  Temperature  for  a  BSTO-Oxide  IV  (50  wt%)  composite 
measured  at  1  KHz. 
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CONCLUSIONS 


The  BSTO-Oxide  III,  BSTO-Oxide  II  /  Oxide  III  and  BSTO-Oxide  II L  compound 
ceramic  composites  possess  extremely  low  loss  tangents  and  high  tunabilities.  The  data 
suggest  that  any  composites  containing  oxide  III  or  an  oxide  III  compound  will  display  similar 
electronic  behavior.  This  is  significant  in  that  a  family  of  composites  has  been  identified  which 
can  potentially  facilitate  the  operation  of  these  ferroelectric  phased  array  antennas  at  millimeter 
wave  range  frequencies  due  to  much  improved  electronic  properties. 

The  BSTO-Oxide  IV  materials  exhibit  behavior  which  renders  them  suitable  for  use  both  (at 
low  oxide  IV  content  <  15  wt%)  in  phased  array  antenna  systems  and  (at  high  oxide  IV  content 
>15  wt%)  as  a  capacitor-varisitor  protection  device  for  microelectronic  circuits.  The  improved 
properties  of  these  composites  includes  very  low  threshold  voltages  ((d). 5  V),  reasonable 
nonlinear  coefficients,  moderate  to  low  loss  tangents,  tunable  and  extremely  high  dielectric 
constants,  and  temperature  stability.  It  should  be  noted  that  the  low  threshold  voltage 
accompanied  by  an  extremely  high  dielectric  constant  was  accomplished  in  a  bulk  ceramic  (1mm 
thickness)  and  is  less  than  that  reported  for  thin  film  laminates  PI. 
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